Peritoneal metastasis is the most common pathway for the spread of ovarian cancer and one of the major causes of cancer death. Ovarian cancer cells in ascites prefer to aggregate into the multicellular spheroids (MCS) with an inadequate response to chemotherapy. In this study, gene expression analysis implicated that ovarian cancer MCS had its unique expression pattern and the cell cycle-related pathways were prominently altered in MCS cells compared to the monolayer adherent cells. Flow cytometry and western blots confirmed the cell cycle stagnancy in MCS. Among the cell cycle-related proteins, we found that expression of CDC25A was upregulated in MCS and displayed a time-dependent decrease during the transition from MCS to monolayer adherent cells. Loss-of-function studies showed that CDC25A promoted cisplatin-resistance and paclitaxel-resistance and inhibited the drug-induced apoptosis in ovarian cancer MCS. Mechanically, CDC25A impeded cell cycle progression in MCS cells, enhanced their structure integrity, and maintained upregulation of E-cadherin in MCS cells. Accordingly, addition of NSC95397, a small molecular inhibitor of CDC25A, sensitized the ovarian cancer MCS to chemotherapeutic agents. This provides us a novel strategy for the treatment of ovarian cancer peritoneal metastasis and may help improve the overall survival of ovarian cancer patients.
Introduction
Ovarian cancer is one of the three major malignancies in the female reproductive system. The incidence of ovarian cancer has been rising in recent years, and the mortality rate ranks first among the gynecologic malignancies [1] . Due to the absence of early symptoms, 60-70% of the patients with ovarian cancer are diagnosed at the late stage, with metastatic lesions beyond the ovaries [2] . Unlike other malignancies, ovarian cancer predominantly disseminates through the intra-abdominal routes [3, 4] . At the first diagnosis of ovarian cancer, approximately two-thirds of the patients developed peritoneal metastasis, and one-third of the patients developed ascites [5] . In addition, 30-50% of the patients with ovarian cancers suffered peritoneal recurrences after radical surgeries [6] [7] [8] . Ovarian cancer peritoneal metastasis and ascites production are closely associated with the inferior prognosis as well as deterioration of the life quality [8, 9] . So far, the incomplete understanding of the molecular mechanisms of ovarian cancer peritoneal metastasis hinders the development of effective treatments for it.
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The current model of ovarian cancer peritoneal metastasis is a complex process with multiple steps, including cell shedding from the primary tumor, survival in ascites, peritoneal colonization, and so on [10] . When disseminating into the peritoneal cavity, the ovarian cancer cells aggregate into multicellular spheroids (MCS) with advantages for survival [3] . Compared to single exfoliated cells, MCS cells are tolerant to anoikis and able to survive in ascites and peritoneal cavities, thus representing an important survival mechanism for secondary colonization. In addition, MCS possesses a variety of mechanisms for drug-resistance, including the metabolite density gradient which inhibits the access of chemotherapy agents [9] , the quiescent cell cycle which is insensitive to the therapies targeting proliferating cells, and the slow metabolism which reduces drug intakes [11] . The MCS is able to establish metastatic lesions at a comparable rate to monolayer cells upon intraperitoneal injection in mice [12] . The presence of MCS was also observed in ascites and the invasion ability of MCS is influenced by ascites derived from patients with ovarian cancer [13, 14] . In order to study the mechanism of ovarian cancer peritoneal metastasis, we previously established an E-cadherin-dependent MCS model of ovarian cancer in vitro to study the biological significance of MCS [15] . We found that the MCS had a stagnant proliferation, prolonged survival time, and drug-resistance to cisplatin in comparison with the monolayer adherent cells [15] . Besides, when re-transformed into monolayer cells, MCS cells obtained even higher abilities to invade and migrate than monolayer adherent cells [16] .
Cell division cycle 25 A (CDC25A) is a member of the cell division cycle 25 families [17] . It is a dual-specificity protein phosphatase that removes the inhibitory phosphorylation in cyclin-dependent kinases (CDKs), including CDK4, CDK6, and CDK2, and positively regulates the cell cycle progression by helping pass the G1/S and G2/M checkpoints [17] . Overexpression of CDC25A has been reported in multiple cancers, such as ovarian cancer [18] and hepatocellular carcinomas [19] , and correlated to a poor prognosis in patients [19, 20] . The onco-promoting mechanism of CDC25A was considered to be a result of its regulatory role in cell cycle transition [19, 20] . Besides, CDC25A also played critical roles in some other biological processes such as apoptosis [17, 21] .
In the present study, we further investigated the differences in the biological behaviors and the underlying mechanisms between MCS and adherent cells and found CDC25A played an important role in the formation and maintenance of MCS as well as the chemo-resistance by arresting cell cycle progression.
Materials and Methods

Cell culture
The SK-H (SKOV-3 expressing high levels of E-cadherin) cell line was obtained from the Cancer Center Lab, Chinese Academy of Medical Sciences (Shanghai, China). Cells were cultured in RPMI-1640 (Gibco, Suzhou, China) with 10% fetal bovine serum (FBS) (Sciencell, Carlsbad, CA, USA), and maintained in a 37 o C incubator with a relative humidity of 90% and 5% CO2. Cells were passaged when the confluences reached about 90%.
Establishment of the MCS models
Establishment of MCS was reported in our previous publications [15] . Firstly, 24-well plates were coated by 500 µl poly 2-hydroxyethyl methacrylate (Poly-HEMA) gel (Sigma, St. Louis, MO, USA) per well in the dilution of 12 mg/mL. Then the plates were air-dried in a laminar flow cabinet and washed with PBS three times consequently. A total of 5 x 10 4 cells were cultured in wells coated with (for MCS suspension) or without (for adherent cells) Poly-HEMA. Cells were not used for the subsequent experiments until the successful formation of MCS under microscopes.
Gene expression profiles
The MCS and monolayer adherent cells were harvested, and the total RNA was extracted using a TRIzol reagent (Invitrogen, Carlsbad, CA, USA). Two MCS-derived and two monolayer adherent cell-derived RNA samples were applied to Phalanx Human OneArray chips for gene expression profile measurements. A detailed description of Phalanx Biotech company microarray procedure can be found at http://www.OneArray.com.cn. The selection criteria to identify differentially expressed genes are as follows: |Fold change| ≥ 2 and p < 0.05. GO and KEGG enrichment analysis was performed by DAVID gene ontology website.
Cell cycle analysis
MCS cells, monolayer adherent cells, and MCS cells that were dispersed and reattached to the petri dishes for 12h, 24h, and 48h were harvested by trypsinization. These cells were washed with pre-cooled PBS, centrifuged at 400g for 5 min at 4 o C, and fixed with 70% pre-cooled ethanol at 4 o C overnight. After filtered through 400-mesh filter traps, cells were stained with 5 µg/mL of propidium iodide (PI) in darkness for 30 min. The stained cells were measured on FACS Canto II (BD Biosciences, San Jose, CA), and the data were analyzed using the software Flowjo. To explore the effects of CDC25A on cell cycle, cells that were treated with CDC25A siRNA (Santa Cruz Biotechnology, Santa Cruz, CA, USA) or NSC95397 (Millipore, Darmstadt, Germany) were stained and analyzed as described above.
Western blotting
The Bradford protein assay kit (Beyotime, Shanghai, China) was used for protein concentration measurement. The anti-β-actin and anti-GAPDH antibodies were purchased from Abcam. The anti-E-cadherin, anti-N-cadherin, anti-Vimentin antibodies were purchased from Cell Signaling Technology (Danvers, MA, USA). The anti-Rb, anti-pRb, anti-CDC25C, anti-CDC25A, anti-p53, anti-p27, anti-CDK2, anti-CDK4, anti-CDK6, anti-cyclinD1 and anti-cyclinE1 antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA).The goat anti-rabbit or anti-mouse secondary antibodies were bought from Affinity Biosciences (Cincinnati, OH, USA). The immunoreactive bands were visualized using the MiniBIS Pro gel imaging system (DNR, Israel).
SiRNA transfection
CDC25A siRNA and scramble siRNA were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Cells were transfected with siRNA (100 pmol per 10 6 cells) before and after the formation of MCS, using lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions.
Cell viability assay
Cell viability was measured using Cell Counting Kit-8 (CCK-8) cell assay kits (Bestbio, Shanghai, China) according to the manufacturer's protocol. When MCS was established, cells were cultured in fresh media with DDP (in the final concentration of 30 nM or 90 nM) (Qilu Pharmaceutical, Jinan, Shandong, China) or paclitaxel (in the final concentration of 10 nM or 20 nM) (Qilu Pharmaceutical, Jinan, Shandong, China) for 48h. Cell viabilities were calculated based upon the OD values at 450nm. To measure the effect of NSC95397 (Millipore, Darmstadt, Germany) on chemo-resistance, we pre-treated cells with 32 nM NSC95397 for 48h before cultured in media with DDP or paclitaxel.
Apoptosis analysis
After transfection with CDC25A siRNA or scramble siRNA, or treatment with NSC95397 for 48h cultured, cells were treated with DDP or paclitaxel for 48 hours. Cells were harvested with 0.25% trypsin and washed twice with cold PBS. Then cells were resuspended and incubated with PI and fluorescein isothiocyanate (FITC)-Annexin V (BD Bioscience, Bedford, MA, USA) for 15 minutes in the dark, according to the manufacturer's instructions. Analysis of apoptotic cells was performed on a FACScan flow cytometer, and data were analyzed using the software Flowjo 10.
Graphs and Statistics
Flow cytometry data were graphed by Flowjo 10. All the other data and statistics were performed using the software Graphpad Prism 6. Cell cycle distributions, frequencies of dead cells, and cell viability were compared by two-tailed, unpaired Student's t-test. A p-value of 0.05 was considered to indicate statistical significance.
Results
Ovarian cancer MCS and adherent cells revealed different gene expression profiles.
To identify the genes involved in the acquisition of drug-resistance potentials in ovarian cancer MCS, we compared gene expression profiles of MCS and adherent cells by microarray ( Figure 1A ). Among the 18273 genes analyzed, 980 were differentially expressed between the two clones (fold-change ≥ 2 and Student's t-test p-value < 0.05), with 509 genes upregulated and 471 downregulated in MCS cells ( Figure 1B ). Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis showed that the differentially expressed genes were enriched in the "cell cycle" pathway with the most significance ( Figure 1C ). Other significantly involved pathways included p53 signaling pathway, TNF signaling pathway, and Hippo signaling pathway ( Figure 1C ). In line with this, cell cycle-related signaling pathways, such as "G1/S" and "G2/M transition of mitotic cell cycle", also emerged in the most relevant biological processes by Gene Ontology (GO) analysis ( Figure  1C ). Within the KEGG term "cell cycle", a total of 21 genes were differentially expressed between MCS and adherent cells ( Figure 1D ). All of these genes, except WEE1, were downregulated in MCS cells compared to those in adherent cells ( Figure 1D ). These data implicated that MCS had its unique expression pattern and the cell cycle pathway was prominently altered.
The cell cycle in MCS was arrested at the G1/S checkpoint and dynamically changed when reattached.
To verify the results of the gene expression profile in MCS, we examined the cell cycle status and several key genes involved in cell cycle regulation at the translational level in MCS and adherent cells. We also dispersed the MCS cells, reattached them to Petri dishes, and evaluated these cells at the time points of the 12th (M-A12), 24th (M-A24), and 48th hours (M-A48) after the attachment. Flow cytometry verified that the cell cycle was hindered at the G1/S checkpoint in MCS cells, which was in accordance with our previous findings. The proportions of G1 phase cells declined consecutively with the time of reattachment; the G1 phase cells contributed to 76.80%, 64.75%, 55.71%, 49.93%, and 44.81% of the MCS, M-A12, M-A24, M-A48, and adherent cells, respectively (Figure 2A and 2B) . The probed proteins showed diverse expression patterns ( Figure 2C ). The molecules CDC25A, p53, and p27 displayed a time-dependent decrease after the transition from MCS to adherent cells ( Figure 2C ). Expressions of CDC25C and CDK2 were downregulated in MCS and showed a continuous augmentation when reattached ( Figure 2C ). The Rb and phosphorylated Rb (pRb) also showed lower expressions in MCS than those in adherent cells, but higher expression levels were found in the reattached cells than originally adherent cells ( Figure 2C ). Among these genes, the CDC25A intrigued us due to its onco-promoting function and the fact that there was no publication reporting its role in MCS so far.
CDC25A promoted the G1 stagnancy of ovarian cancer MCS.
To investigate the biological function of upregulated CDC25A in ovarian cancer MCS, we first manipulated the CDC25A expression in adherent cells and then cultured them in suspension to form MCS ( Figure 3A) . Knockdown of CDC25A in this model reduced the proportion of cells at G1 phase from 74.97% to 69.31% (p = 0.0001) ( Figure 3B and 3C) . The expression levels of the G1/S transition-promoting molecules, including CDK2, cyclin D1, cyclin E1, and pRb were all upregulated upon CDC25A suppression ( Figure 3D ). We also accessed the function of CDC25A in another loss-of-function model by siRNA transfection directly into MCS ( Figure 3E ). This led to similar effects as in the first model. CDC25A silencing reduced the proportion of cells at G1 phase from 84.72% to 80.30% (p = 0.0017) ( Figure 3F and 3G) and increased the expression level of CDK2, cyclin D1, cyclin E1, and pRb ( Figure 3H ). Taken together, these data indicated that the CDC25A inhibited, instead of promoted, cell cycle progression in ovarian cancer MCS.
CDC25A maintained the spheroid structure and upregulated E-cadherin expression in ovarian cancer MCS.
Spheroid integrity was observed by microscopy to investigate the role of CDC25A in maintaining the spheroid structure. Treatment of MCS with siRNA before the spheroid formation significantly hindered the development of MCS ( Figure 4A ). The cell masses with CDC25A silencing displayed a looser morphology with much weaker integrity than the control one ( Figure 4B ). When directly treated with siRNA, MCS lost partial cell connections and dissociated into fragmentary masses ( Figure 4D and 4E). These results indicated that the CDC25A played a critical role in maintaining the organization of MCS.
Our previous study revealed that E-cadherin played a key role in maintaining the structure of MCS [15] . Thus, we evaluated the changes of E-cadherin, N-cadherin, and vimentin in ovarian cancer MCS when CDC25A was altered. As shown in Figure 4C and 4F, the epithelial marker E-cadherin was diminished no matter whether the siRNA transfection was applied before (Figure 4C ) or after the formation of MCS ( Figure 4F ). Correspondingly, mesenchymal markers, N-cadherin and vimentin, were augmented upon CDC25A suppression ( Figure 4C and 4F) . Thus, CDC25A upregulated the expression of E-cadherin and maintained the stable structure of MCS.
CDC25A increased the chemo-resistance of ovarian cancer MCS.
The quiescent proliferation state and the condensed structure of ovarian cancer MCS may both contribute to chemo-resistance. Therefore, we next evaluated the role of CDC25A in regulating drug-resistances against cisplatin or paclitaxel. In the first model in which siRNA was transfected prior to the formation of MCS ( Figure 5A We also assessed the frequencies of drug-induced apoptosis by flow cytometry. The CDC25A-siRNA alone did not alter the frequency of apoptotic cells (AnnexinV+) (2.75% vs. 3.54%, p = 0.0974), while cisplatin (30 nM) alone significantly increased the frequency of AnnexinV+ cells (17.22% vs. 2.75%, p < 0.0001) ( Figure 5D ). In contrast, combination of them resulted in a much higher frequency of AnnexinV+ cells than cisplatin alone (47.41% vs. 2.75%, p < 0.0001) ( Figure 5D ). Similarly, the proportion of AnnexinV+ cells was not altered by paclitaxel (10 nM) alone (4.27% vs. 2.79 %, p = 0.0897), but it was significantly increased by addition of CDC25A-siRNA (10 nM) (25.30% vs. 2.79%, p = 0.0003) ( Figure 5E ). In the second model in which siRNA was transfected after the formation of MCS (Figure 5F Based on the above results, we speculated that the CDC25A inhibitors could be used as a chemosensitizer for treatment of ovarian cancer MCS. We utilized NSC95397 (Millipore, CAS 93718-83-3), a specific targeting inhibitor of CDC25A, to block the effect of CDC25A in MCS. Cell cycle assays indicated that the NSC95397 partially relieved the G1 phase blockage in MCS; the proportion of G1 phase cells in MCS dropped from 80.25% to 70.52% when treated with NSC95397 (p = 0.0024) ( Figure 6A ). The MCS structures were loosened by NSC95397 and dissociated into fragmentary masses ( Figure 6B ). Treatment with NSC95397 did not alter the expression of CDC25A, but significantly increased the expression of CDK2, cyclin D1, cyclin E, and pRb ( Figure 6C ). Meanwhile, the expression level of E-cadherin was decreased, and expression levels of N-cadherin and vimentin were elevated when treated with NSC95397 ( Figure 6C ), which was consistent with CDC25A downregulation.
Cell viability assay showed that NSC95397 (0.9217 vs. Apoptosis assays indicated that NSC95397 significantly enhanced the frequencies of the drug-induced apoptosis by both cisplatin (39.16% vs. 6.26%, p < 0.0001) ( Figure 6F ) and paclitaxel (31.87% vs. 3.52%, p < 0.0001) in MCS ( Figure 6G ). In contrast, NSC95397 or paclitaxel (5.66% vs. 3.52%, p = 0.0544) alone did not induce apoptosis, while cisplatin alone moderately enhanced apoptosis (17.96% vs. 6.26%, p = 0.0003) ( Figure 6F and 6G).
Discussion
Peritoneal metastasis is an important cause of morbidity and mortality in patients with ovarian cancer. Formation of MCS contributes to the chemo-resistance in the process of peritoneal metastasis and agents that are able to overcome this drug-resistance can achieve a therapeutically synergistic effect. All quantitative data were derived from more than three independent experiments. Cell viability data were expressed as the mean ± SEM, and flow cytometry data were expressed as the mean percentages. Scr-siRNA, scramble siRNA; CDC25A-siRNA, siRNA targeting CDC25A; ns: no significance; *: p < 0.05: **; p < 0.01; ***: p < 0.001; ****: p < 0.0001. . MCS cells were treated with or without NSC95387 for 48h before the flow cytometry assay. B. The morphologies of MCS were observed under light microscopes after treatment with or without NSC95387 for 48h. C. The cell lysates of MCS treated with or without NSC95387 were probed with the indicated antibodies. D-E. Chemo-resistances of the cells treated with or without NSC95387 were shown. Cells were treated with PBS or NSC95387 for 48h, exposed to cisplatin (30 nM or 90 nM) (D) or paclitaxel (10 nM or 20 nM) (E) for 48 h, and then measured by cell viability assays. F-G. The drug-induced apoptosis treated with or without NSC95387 was shown. MCS cells were treated with PBS or NSC95387 for 48 h, exposed to cisplatin (30 nM) (F) or paclitaxel (10 nM) (G), stained with 7AAD and Annexin-V, and measured by flow cytometry (left). The frequencies of cells in each quadrant were quantified on the right. Treatment conditions were described below each panel. All quantitative data were derived from more than three independent experiments. Cell viability data were expressed as the mean ± SEM, and flow cytometry data were expressed as the means. ns: p > 0.05; *: p < 0.05: **; p < 0.01; ***: p < 0.001; ****: p < 0.0001.
In this study, the expression profile analysis indicated that the differentially expressed genes between MCS and monolayer adherent cells were remarkably enriched in the KEGG pathway "cell cycle". Flow cytometry analysis confirmed that the cell cycle in ovarian cancer MCS was indeed arrested at the G1/S checkpoint and this cell cycle blockage was gradually released during the cell reattachment. Among the cell cycle-related proteins, we found that expression of CDC25A was upregulated in MCS and displayed a time-dependent decrease after the transition from MCS to monolayer adherent cells. Inhibition of CDC25A expression partially relieved the G1/S stagnancy, loosened the spheroid structure, and downregulated E-cadherin expression of MCS cells. Accordingly, targeting CDC25A by siRNA or small molecule inhibitors reduced the drug-resistance to cisplatin or paclitaxel.
In the process of peritoneal metastasis, the disseminated tumor cells aggregate into MCS to obtain multiple advantages in drug-resistance [10, 11] . First, the unvascularized structure generates a metabolite density gradient that inhibits access of chemotherapy agents to the internal cells [9, 10] . Second, the MCS lives in a quiescent state that is resistant to therapies targeting proliferating cells [21] . Third, MCS usually contain cancer-initiating progenitor-like cells which conferred drug-resistance [10, 11] . Our previous study showed that E-cadherin played a crucial role in the formation and maintenance of MCS and downregulation of E-cadherin abolished the structure of MCS [15] . In the present study, inhibition of CDC25A reduced the expression of E-cadherin and promoted the expression of mesenchymal markers, N-cadherin and vimentin. Thus, we speculate that CDC25A may maintain the intact structure of MCS by promoting the expression of E-cadherin. However, the underlying mechanism in detail requires further study. Interfering CDC25A blocked the formation of MCS and loosened their condensed structure, which facilitated the penetration of chemotherapeutic drugs into the interior of the structure and, consequently, reduced the chemo-resistance of the MCS cells. In addition, E-cadherin hinders G1/S progression by induction of overexpression of p27 during contact inhibition [22] . This helps explain the phenomenon in this study that knockdown of CDC25A expression or inhibition of its function partially abolished the cell cycle arrest in MCS. The accelerated G1/S progression would expand the cells in M phase and increase the cytotoxicity of the M phase-specific drug paclitaxel, thus enhancing the sensitivity of MCS to the chemotherapeutics.
Alternative mechanisms of the chemotherapysensitizing effects of CDC25A inhibition might exist in ovarian cancer MCS. The commonly used chemotherapeutic drugs in ovarian cancers, cisplatin, and paclitaxel, can both induce apoptosis of cancer cells. Cisplatin may induce cell apoptosis by activation of NF-κB [23] , bax [23] , and p53 [24] , while paclitaxel may activate caspases [25] , p53 [24] , and bax [25, 26] for cell apoptosis. It has been reported that the cytoplasmic CDC25A increases cells' resistance to oxidative stress-mediated apoptosis by inhibiting ASK1 activity [19] . The ASK1 further asserts its pro-apoptotic effects through the downstream JNK pathway [27] [28] [29] or p38 pathway [29, 30] . Therefore, although inhibiting CDC25A alone did not significantly increase the frequencies of apoptotic cells in MCS, these might act synergistically with paclitaxel or cisplatin to promote tumor cell apoptosis.
There are several issues yet to be elusive. First, we noticed contrary CDC25A expression results from microarray and western blot data. This may result from that the transcription of CDC25A mainly occurs in S phase [31] , while the proportion of S phase in MCS is much less than that in adherent cells. As a consequence, the mRNA generated from MCS is relatively limited. Another possible explanation is negative feedback of the transcription systems; high level of CDC25A protein reduces the mRNA transcription level through this mechanism [32] . Second, inhibition of CDC25A by siRNA or NSC95397 partially relieved the cell cycle stagnancy in ovarian cancer MCS. Though CDC25A is recognized as a key player in promoting cell cycle G1/S transition [17] , it may inhibit cell cycle through alternative pathways [22] . It is reasonable that the dissociated MCS cells under CDC25A inhibition lost part of their contact inhibition and thus entered a growing cell cycle, in which the E-cadherin/p27 might be a responsible pathway [22] . The outcome came from an antagonistic effect of the above pathways.
Conclusions
In summary, CDC25A is overexpressed in ovarian cancer MCS and interfering this molecular promotes G1/S transition, downregulates E-cadherin expression, loosens the structure, and consequently reverses the chemo-resistance to cisplatin and paclitaxel in MCS. This provides us a feasible strategy to overcome the drug-resistance of advanced ovarian cancer with peritoneal metastasis and refractory ascites and may help improve the prognosis of these patients.
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